High fat diet reduces the expression of CEACAM1 (carcinoembryonic antigen-related cell adhesion molecule 1), a transmembrane glycoprotein that promotes insulin clearance and down-regulates fatty acid synthase activity in the liver upon its phosphorylation by the insulin receptor. Because peroxisome proliferator-activated receptor ␣ (PPAR␣) transcriptionally suppresses CEACAM1 expression, we herein examined whether high fat down-regulates CEACAM1 expression in a PPAR␣-dependent mechanism. By activating PPAR␣, the lipid-lowering drug fenofibrate reverses dyslipidemia and improves insulin sensitivity in type 2 diabetes in part by promoting fatty acid oxidation. Despite reducing glucose-stimulated insulin secretion, fenofibrate treatment does not result in insulin insufficiency. To examine whether this is mediated by a parallel decrease in CEACAM1-dependent hepatic insulin clearance pathways, we fed wild-type and Ppar␣ ؊/؊ null mice a high fat diet supplemented with either fenofibrate or Wy14643, a selective PPAR␣ agonist, and examined their effect on insulin metabolism and action. We demonstrated that the decrease in insulin secretion by fenofibrate and Wy14643 is accompanied by reduction in insulin clearance in wild-type but not Ppar␣ ؊/؊ mice, thereby maintaining normoinsulinemia and insulin sensitivity despite continuous high fat intake. Intact insulin secretion in L-CC1 mice with protected hepatic insulin clearance and CEACAM1 levels provides in vivo evidence that insulin secretion responds to changes in insulin clearance to maintain physiologic insulin and glucose homeostasis. These results also emphasize the relevant role of hepatic insulin extraction in regulating insulin sensitivity.
Insulin regulates glucose homeostasis by inhibiting hepatic gluconeogenesis and promoting glucose disposal. Numerous environmental cues, including dietary, hormonal, and stress factors play a key role in regulating insulin response. Peripheral insulin resistance, manifested by dysregulated glucose and lipid metabolism, leads to compensatory increase in insulin secretion from pancreatic ␤-cells. Persistence of insulin resistance eventually causes ␤-cell failure and subsequently, overt type 2 diabetes.
Type 2 diabetes is a metabolic disease characterized by insulin resistance, dyslipidemia, and cardiovascular complications. Abdominal obesity, ectopic triacyglycerol accumulation, and atherogenic dyslipidemia are common clinical manifestations of diabetes. Fibrates are lipid-lowering drugs that are commonly used to treat hypertriglyceridemia, primary hypercholesterolemia, and mixed dyslipidemia in cardiometabolic diseases (1, 2) . Fenofibrate treatment decreases lipid content in the liver and skeletal muscle and decreases apolipoprotein B and very LDL synthesis to improve very LDL catabolism in addition to increasing HDL level (3) . Like other members of this class of drugs, fenofibrate activates PPAR␣ 3 to promote fatty acid ␤-oxidation. It also regulates oxidation indirectly by activating AMP-activated protein kinase that reduces the level of malonyl-CoA, a precursor of palmitate synthesis via fatty acid synthase, and an inhibitor of carnitine palmitoyltransferase 1 that catalyzes fatty acid translocation to the mitochondria to undergo ␤-oxidation (4) .
We have recently shown that PPAR␣ activation at fasting suppresses the transcription of CEACAM1 (carcinoembryonic antigen-related cell adhesion molecule) (5) . CEACAM1 is a membrane glycoprotein that promotes hepatic insulin endocytosis and targeting to the degradation process upon its phosphorylation by the insulin receptor (6) to promote its clearance and maintain systemic insulin sensitivity (7, 8) . Additionally, CEACAM1 down-regulates hepatic fatty acid synthase activity in response to an acute rise in insulin (9) , thus contributing to the regulation of the relative level of malonyl-CoA to long chain fatty acyl-CoA, an endogenous ligand of PPAR␣, and subsequently, to fatty acid ␤-oxidation during the fasting-refeeding transition (5) .
Using mice with null deletion of Ppar␣ (Ppar␣ Ϫ/Ϫ ), several laboratories have shown that PPAR␣ activation by fatty acids plays an important role in insulin resistance, hepatic steatosis, and dyslipidemia in response to high fat diet (10, 11) . High fat diet reduces hepatic Ceacam1 mRNA levels, whereas its forced transgenic expression in liver limits diet-induced resistance and hepatic steatosis (12) . This supports an important role for defective CEACAM1-dependent insulin clearance mechanisms in the metabolic dyregulations caused by a high fat diet. As in fasting, increased dietary fat supply drives redistribution of fatty acids released from white adipose tissue during lipolysis to the liver to undergo oxidation. Thus, we investigated whether high fat diet down-regulates hepatic CEACAM1 expression in a PPAR␣-dependent manner. Because fenofibrate activates PPAR␣-mediated fatty acid oxidation, we also investigated whether it too modulates hepatic CEACAM1 expression and whether this mediates its therapeutic effect on insulin metabolism and action and limits hepatic steatosis under high fat feeding conditions.
Results

High Fat Diet Does Not Modulate Hepatic CEACAM1
Expression in Ppar␣ Ϫ/Ϫ Mice-High fat diet (HF) reduces hepatic CEACAM1 mRNA and protein levels (12) . To investigate dependence on PPAR␣ activation, we examined whether HF adversely affects CEACAM1 expression in Ppar␣ Ϫ/Ϫ mice. Immunoblotting with ␣-CEACAM1 antibody (␣-CC1) revealed reduction in CEACAM1 protein content in liver lysates of HF-fed WT mice relative to mice fed a regular chow diet (RD) ( Fig. 1A) , as expected from previous reports (12) . In contrast, HF failed to modulate CEACAM1 protein levels in Ppar␣ Ϫ/Ϫ mice ( Fig. 1A , HF versus RD).
We then tested the effect of a representative fatty acid from each of the classes in HF on CEACAM1 expression in primary hepatocytes. These include palmitic acid (SFA), oleic (MUFA), and linoleic acid (⍀6 PUFA), individually (0.1 mM each) or in combination at 35:45:20, respectively. As Fig. 1B (panel i) shows, treatment with oleic acid (OA), linoleic acid (LA), and the fatty acid mixture (Mix) significantly decreased Ceacam1 mRNA levels by comparison with BSA treatment (Ϫ) in primary hepatocytes isolated from WT but not Ppar␣ Ϫ/Ϫ mice. In contrast, palmatic acid (PA), a weaker agonist of PPAR␣ than oleic and linoleic acids (13-15) did not reduce Ceacam1 mRNA level in primary hepatocytes derived from either genotype ( Fig.  1B , panel i). Instead, it markedly induced it in cells derived from Ppar␣ Ϫ/Ϫ mice ( Fig. 1B, panel i) . The fatty acid mixture also increased Ceacam1 mRNA levels relative to BSA, albeit to a lower extent than palmatic acid, in Ppar␣ Ϫ/Ϫ mice ( Fig. 1B ,
At the protein level, oleic and linoleic acids reduced CEACAM1 markedly by 12 h of treatment in cells isolated from WT mice ( Fig. 1B, panel ii, parts a and b), but not from Ppar␣ Ϫ/Ϫ mutants even after 24 h of treatment ( Fig. 1B , panel ii, part b). In contrast, palmitic acid did not modify CEACAM1 expression in either genotype. Treating with the fatty acid mix-ture lowered CEACAM1 protein levels in WT, but not
Differential Metabolic Effect of High Fat Diet in WT and Ppar␣ Ϫ/Ϫ Mice-In agreement with other reports (16) , Ppar␣ Ϫ/Ϫ mice displayed hypoglycemia compared with WT mice during a 48-h fasting period, irrespective of the diet (not shown). Relative to RD, HF intake caused glucose and insulin intolerance in WT mice (Fig. 2, A and B , respectively). On RD diet, Ppar␣ Ϫ/Ϫ mice were more glucose-tolerant and equally insulin-tolerant relative to WT mice (Fig. 2, A and B , respectively), and HF did not significantly modify their glucose and insulin tolerance, as it did to their WT counterparts. Moreover, RD-fed Ppar␣ Ϫ/Ϫ mice displayed random normoglycemia compared with RD-fed WT mice (130.0 Ϯ 4.0 RD-fed Ppar␣ Ϫ/Ϫ versus 125.0 Ϯ 3.0 mg/dl in RD-fed WT). In contrast to WT that exhibited random hyperglycemia when fed a HF diet (150.0 Ϯ 2.0 in HF-fed WT versus 125.0 Ϯ 3.0 in RD-fed WT; p Ͻ 0.05), HF did not elevate random glucose levels in Ppar␣ Ϫ/Ϫ mice (131.0 Ϯ 3.0 in HF-fed versus 130.0 Ϯ 4.0 in RD-fed). This demonstrates that Ppar␣ deletion confers protection against diet-induced insulin resistance, as has been previously shown (17, 18) .
As expected from the negative effect of PPAR␣ activation on insulin secretion (19, 20) , glucose induced a more robust acute rise in insulin release in RD-fed null mice relative to their RDfed WT counterparts ( Fig. 2C ). Whereas HF did not further stimulate insulin release in response to glucose in the null mouse, it induced more acute release of insulin in wild types ( Fig. 2C ), likely to compensate for insulin resistance in these mice.
Consistent with the lack of HF effect on hepatic CEACAM1 levels in Ppar␣ Ϫ/Ϫ , HF intake did not reduce insulin clearance in these mice, as it did to wild types (C-peptide/insulin molar ratio; Tables 1 and 2 ). This was associated with normal plasma insulin levels (Tables 1 and 2) and glucose tolerance ( Fig. 2A ) in HF-fed mice relative to RD-fed Ppar␣ Ϫ/Ϫ mice. Of note, RDfed Ppar␣ Ϫ/Ϫ mice maintained normal insulin sensitivity despite a marked elevation in hepatic triacylglycerol level (by ϳ2-fold) (Tables 1 and 2), likely emerging from compromised fatty acid ␤-oxidation, per other reports (4, 21) , and by reduced output, as shown by the ϳ1.5-2-fold lower plasma triacylglycerol level relative to RD-fed WT mice (Tables 1 and 2) . Increased hepatic steatosis could contribute to the higher body weight and total fat mass in Ppar␣ Ϫ/Ϫ mice (Table 1) , as expected (16) . Together, the data propose that protected hepatic CEACAM1 levels and function could contribute strongly to sustained insulin sensitivity in Ppar␣ Ϫ/Ϫ mice despite continuous HF intake.
Effect of Wy14643 on Diet-induced Changes in Insulin Metabolism and Action-Because the PPAR␣ selective agonist Wy14643 suppresses Ceacam1 transcription to maintain phys-iologic insulin metabolism in the face of reduced insulin secretion (5), we then investigated whether it can reverse the negative effect of HF on insulin metabolism and action. As shown in Fig. 3A , supplementing HF with 0.1% Wy14643 restored glucose tolerance and insulin sensitivity in HF-fed WT mice ( Fig.  3 , A and B, respectively). This was accompanied by a reduction in hepatic steatosis and normalization of plasma triacylglycerol and NEFA levels, in parallel to the reversal of visceral obesity and body weight gain (Table 1 ). In contrast to WT mice, Wy14643 supplementation did not affect hepatic triacylglycerol level (Table 1) , nor did it modulate significantly glucose and insulin tolerance in Ppar␣ Ϫ/Ϫ mice (Fig. 3, A and B , respectively).
Consistent with the suppressive effect of HF on hepatic CEACAM1 expression ( Fig. 1 and Ref. 12) , HF significantly lowered insulin clearance in WT (as assessed by the decrease in the steady state C-peptide/insulin molar ratio) but not Ppar␣ Ϫ/Ϫ mice ( Table 1) . This contributes to hyperinsulinemia in HF-fed relative to RD-fed WT mice that also manifested higher plasma C-peptide levels, a marker of insulin secretion ( Table 1 ). As expected, Wy14643 supplementation markedly limited the induction of C-peptide levels by HF feeding in these WT mice (by ϳ2-fold). Wy14643 supplementation did not significantly improve the steady state C-peptide/insulin molar ratio in HF-fed mice ( Table 1: 11.4 Ϯ 0.8 versus 9.1 Ϯ 1.5 in HF-fed WT mice). Sustained low insulin clearance appears to be mediated by the remarkable decrease in CEACAM1 protein level in the liver of mice fed HF supplemented with Wy14643 relative to HF-fed mice, likely resulting from the synergistic down-regulatory effect of HF and Wy14643 on Ceacam1 expression ( Fig. 3C ). Of note, the detectable basal insulin clearance in these mice is conceivably mediated by insulin receptor phosphorylation, a committed initial step in insulin internalization and degradation under conditions of insulin sensitivity (22) . Together, the data propose that sustained reduction in CEACAM1 supports hepatic fatty acid oxidation and prevents insulin insufficiency in response to Wy14643 supplementation of the high fat diet.
Coordinated Regulation of Insulin and Lipid Metabolism by Fenofibrate-As expected, fenofibrate treatment for 3 weeks reduced hepatic and plasma triacylglycerol content in WT mice by ϳ2-4-fold relative to RD-fed mice. This caused reduction in body weight (23.8 Ϯ 0.5 versus 25.6 Ϯ 0.3 g; p Ͻ 0.05), visceral obesity (1.6 Ϯ 0.5 versus 2.9 Ϯ 0.1%; p Ͻ 0.05), and, subsequently, plasma NEFA (0.3 Ϯ 0.0 versus 0.7 Ϯ 0.1 mEq/liter; p Ͻ 0.05) in WT mice. In contrast, fenofibrate failed to modulate these parameters in Ppar␣ Ϫ/Ϫ mice (not shown).
As expected, fenofibrate treatment did not affect glucose tolerance in RD-fed WT or Ppar␣ Ϫ/Ϫ mice (Fig. 4A ). In WT, it improved glucose clearance in response to exogenous insulin ( Fig. 4B ). In fact, in some mice, this caused severe hypoglycemia, prompting us to stop blood drawing 60 min after insulin injection. In Ppar␣ Ϫ/Ϫ mice, however, fenofibrate did not significantly affect insulin tolerance ( Fig. 4B ).
Similar to our previous observations of a marked reduction in acute phase glucose-stimulated insulin secretion in Wy14643treated mice (5), fenofibrate treatment almost completely abolished acute phase insulin secretion in WT, but not Ppar␣ Ϫ/Ϫ
FIGURE 2. Differential metabolic effect of high fat diet in WT and
Ppar␣ ؊/؊ mice. A and B, male mice (n Ͼ 6) were fed RD or HF for 7 weeks before intraperitoneal glucose tolerance (A) and insulin tolerance tests (B) were performed. C, acute phase insulin secretion in response to glucose was assessed in overnight fasted mice fed RD or HF for 8 weeks. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 HF-versus RD-fed WT; †, p Ͻ 0.05 RD-fed Ppar␣ Ϫ/Ϫ versus RD-fed WT; §, p Ͻ 0.05 HF-fed Ppar␣ Ϫ/Ϫ versus HF-fed WT. mice ( Fig. 4C ), in parallel to reducing steady state plasma C-peptide levels (145.1 Ϯ 6.0 versus 309.3 Ϯ 32.0 pM in RD-fed WT mice; p Ͻ 0.05). These data are in agreement with the reported suppressive effect of fenofibrate on insulin secretion in monosodium glutamate-induced obese rats (23) .
Changes in insulin secretion are often associated with changes in islet size and mass (24) . Fenofibrate treatment did not significantly affect the islet size or area in either genotype ( Fig. 5A ). Immunofluorescence staining of pancreas with polyclonal antibody against insulin revealed a comparable amount of insulin content in the islets of both mouse groups (Fig. 5B ).
We then examined whether fenofibrate affects ␤-cell function by assessing glucose-stimulated insulin secretion in isolated islets from mice treated with 0.1% fenofibrate for 3 weeks. Normalized to protein content, basal and glucose-stimulated insulin secretion were comparable in total islets isolated from both mouse groups (Fig. 5C ). This suggests that the detected negative effect of fenofibrate on insulin secretion was mediated by a cell non-autonomous mechanism.
Despite reduced insulin secretion, fenofibrate-treated WT mice did not develop marked insulin insufficiency, as revealed by normal or slightly reduced fasting insulin levels in some cohorts of mice (58.6 Ϯ 3.2 versus 56.3 Ϯ 4.4 pM in RD-fed WT mice). This protection is likely due to a parallel decrease in insulin clearance (steady state C-peptide/insulin molar ratio) in WT mice (2.8 Ϯ 0.0 versus 4.2 Ϯ 0.3; p Ͻ 0.05). Similar to Wy14643 (5), fenofibrate treatment did not modulate insulin and C-peptide levels in Ppar␣ Ϫ/Ϫ mice. Consistently, Western blotting analysis of liver lysates revealed a Ͼ50% reduction in CEACAM1 protein levels in WT, but not Ppar␣ Ϫ/Ϫ mice, in response to Ppar␣ activation, as assessed by elevation in the protein content of its transcriptional target, CD36 (25) ( Fig. 4D) .
To further address the relationship between fenofibrate's regulation of insulin clearance and secretion, we then examined its effect on insulin metabolism in L-CC1 mice with liver-specific overexpression of rat CEACAM1 driven by human apolipoprotein A1 promoter (7) . As Fig. 6 shows, fenofibrate markedly reduced acute phase insulin release in response to glucose ( Fig. 6A and accompanying graph depicting the area under the curve), and lowered plasma C-peptide level (Fig. 6B , panel i) in WT, but not L-CC1 mice. Fenofibrate also reduced insulin clearance in WT, but not L-CC1 ( Fig. 6B, panel iii) , maintaining normal plasma insulin ( Fig. 6B, panel ii) and blood glucose levels in WT animals ( Fig. 6C ). As expected, fenofibrate reduced hepatic mouse CEACAM1 level in both mouse strains (Fig. 6D ).
TABLE 1 Effect of Wy14643 treatment on plasma and tissue biochemistry in male mice
Male mice (n ϭ 7-9/genotype/feeding group) were fed RD or HF diet for 9 weeks starting at 3 months of age. Diet was supplemented with Wy14643 for 10 days prior to sacrifice. The mice were fasted overnight (until 1100 -1200 h the next morning) for blood drawing and tissue extraction. Unless otherwise mentioned, the parameters are from plasma. The values are expressed as means Ϯ S.E. HF-Wy, Wy14643-supplemented HF diet; BW, body weight; WAT, white adipose tissue; TG, triacylglycerol; C-peptide/insulin, steady state C-peptide/insulin molar ratio. In contrast, its effect on transgenic rat CEACAM1 was negligible ( Fig. 6D ), consistent with its positive PPAR␣-mediated role on human apolipoprotein A1 promoter transcriptional activity (26) . Normoinsulinemia and normoglycemia in L-CC1 mice preclude a primary effect of fenofibrate on insulin secretion, because this would be expected to cause insulin insufficiency and hyperglycemia in the face of protected insulin clearance.
WT
1.0 Ϯ 0.1 1.5 Ϯ 0.1 a 0.5 Ϯ 0.0 a,b 1.3 Ϯ 0.1 1.4 Ϯ 0.1 1.1 Ϯ 0.1 TG (mg/dl
Role of Insulin Metabolism in Mediating the Regulation of Metabolic Response to High Fat Diet by Fenofibrate-To assess
the effect of fenofibrate on diet-induced obesity, HF was supplemented with 0.1% (w/w) fenofibrate for up to 3 weeks before sacrifice. In WT mice, fenofibrate supplementation significantly lowered hepatic steatosis, in addition to plasma triacylglycerol and NEFA to a level even lower than RD-fed mice ( Table 2 ). It also reversed the HF-induced gain in body weight and in fat mass in WT but not Ppar␣ Ϫ/Ϫ mice ( Table 2) . Moreover, it restored glucose tolerance ( Fig. 7A ) and prevented insulin intolerance caused by HF in WT mice (Fig. 7B ).
As expected from restored insulin sensitivity, fenofibrate reduced acute phase insulin release in response to glucose in HF-fed mice, as well as RD-fed WT mice (Fig. 7C ). It also normalized plasma insulin and C-peptide levels in these mice when fed a HF diet ( Table 2) .
As with Wy14643 supplementation, decreased insulin secretion was accompanied by a reduction in insulin clearance (assessed by lower steady state C-peptide/insulin molar ratio in mice fed a fenofibrate-supplemented HF diet by comparison with RD-fed mice) ( Table 2 ). This prevented hypoinsulinemia and hyperglycemia. Reduced insulin clearance was likely mediated by low hepatic CEACAM1 levels in mice fed a fenofibratesupplemented HF diet relative to HF-and RD-fed mice (Fig.  7D ) in response to the combined down-regulatory effect of Ppar␣ agonist and HF on CEACAM1 expression (5, 12) . In contrast to WT, fenofibrate supplementation failed to exert a significant effect on HF-induced metabolic changes in Ppar␣ Ϫ/Ϫ mice ( Table 2 ).
Discussion
Fibrates are lipid-lowering drugs that promote triglyceride catabolism, largely by activating PPAR␣-dependent fatty acid oxidation. In accordance with improved insulin sensitivity, fenofibrate reduces insulin secretion (23) . We herein examined whether it causes a parallel decrease in insulin clearance and whether this could implicate changes in the hepatic content of CEACAM1, a main chaperone of insulin endocytosis and targeting toward degradation (27) . We show that, like Wy14643 (5), supplementing fat-enriched diets with fenofibrate reduce insulin clearance in parallel to hepatic CEACAM1 expression. Although high fat diet alone causes insulin resistance and hepatic steatosis by a hyperinsulinemia-driven mechanism and thus elicits a compensatory increase in insulin secretion (12) , the PPAR␣ agonists Wy14643 and fenofibrate reverse diet-induced insulin resistance and insulin secretion in parallel to promoting fatty acid oxidation. Their effect appears to be maintained, at least in part, by low hepatic CEACAM1 levels and subsequently reduced insulin clearance to sustain physiologic insulin metabolism, while maintaining fatty acid oxidation, because of alleviating the negative effect of CEACAM1 on fatty acid synthase activity and subsequently reducing inhibition of fatty acid ␤-oxidation by malonyl-CoA.
We have shown that high fat intake causes a decline in hepatic CEACAM1 expression at the transcriptional level to cause insulin resistance (12) . The current studies show that this negative effect of dietary fat on CEACAM1 expression is mediated by Ppar␣ activation insofar as 1) high fat diet failed to reduce hepatic CEACAM1 in Ppar␣ Ϫ/Ϫ mice and 2) fatty acids that are known endogenous ligands of PPAR␣ (MUFA and PUFA) reduce Ceacam1 mRNA and CEACAM1 protein levels in primary hepatocytes derived from wild-type but not Ppar␣ Ϫ/Ϫ mice.
In a small cohort of seven overweight or obese, non-diabetic humans, oral ingestion of an emulsion containing predominantly either MUFA, PUFA, or SFA at regular intervals for 24 h caused reduction in insulin clearance, with the greatest downregulatory effect being exerted by PUFA (linoleate) and SFA being the only fat causing insulin resistance (28) . Failure of SFA to regulate CEACAM1 expression in isolated primary hepatocytes in the current studies suggests that the reported reduction Male mice were fed RD or HF for 9 weeks before supplementing the diet with 01% Wy14643 (Wy) to measure sequentially. A, glucose tolerance. B, insulin tolerance. C, after 10 days of treatment, livers were removed, and their lysates were subjected to Western blotting analysis of CEACAM1 protein levels, as in Fig. 1 . n ϭ 7-9 mice/genotype/feeding group. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 HF-fed versus RD-fed/genotype; †, p Ͻ 0.05 0.05 Wy14643-supplemented HF versus HF/genotype. in insulin clearance in human subjects receiving an SFA emulsion is likely to be a consequence of insulin resistance and associated defect in insulin receptor autophosphorylation, the first committed step in insulin clearance. Moreover, portal delivery of oleate (29) and intralipid-heparin infusion, which elevated fasting plasma levels of linoleate (PUFA), oleate (MUFA), and palmitate (SFA) by 4-, 2-, and 1.7-fold, respectively, impaired hepatic insulin clearance in dogs (30) . More recently, we observed that a similar intralipid-heparin infusion caused a decline in hepatic insulin clearance in rats, in parallel to a marked decrease in hepatic CEACAM1 protein content (31) . Although these studies did not address whether fatty acid activation of PPAR␣ is implicated in the reduction of CEACAM1 expression by intralipid infusion, they further demonstrated the relevant role of hepatic insulin clearance in the metabolic response to elevation in plasma free fatty acids (32) .
The current studies show that prolonged activation of PPAR␣ reduces insulin secretion from ␤-cells while promoting fatty acid oxidation in liver to limit steatosis and insulin resistance in response to increased fatty acid burden. CEACAM1 decreases fatty acid synthase activity (9) to contribute to the regulation of malonyl-CoA conversion to palmitate and hence to determine its abundance relative to long chain fatty acyl CoA, a critical factor in fatty acid ␤-oxidation. Thus, it is possible that the down-regulation of CEACAM1 by dietary fat constitutes a positive feedback mechanism on fatty acid ␤-oxidation, not only by supplying newly synthesized fatty acids to activate PPAR␣ (33) but also by removing the inhibitory effect of malonyl-CoA on fatty acid transport into the mitochondria (10, 34) . This hypothesis is supported by the marked decrease of CEACAM1 level at fasting, an event that involves an accelerated shift from glycolytic to lipolytic metabolism, mediated by robust PPAR␣ activation and removal of inhibition of carnitine palmitoyltransferase 1 by malonyl-CoA (10, 34) .
Fibrates improve insulin sensitivity with a concomitant decrease in glucose-stimulated insulin secretion in diabetic patients (35) . The mechanism underlying the decrease in insulin secretion remains unclear, although Ppar␣ activation of fatty acid oxidation in pancreatic ␤-cells and increased apoptosis in association with reduced triacylglycerol content have been proposed (19, 20, 23, 36, 37) . Under our experimental conditions, fenofibrate did not induce morphological change, nor did it affect intrinsic ␤-cell function in isolated islets. Instead, it appears to cause a decrease in insulin secretion as a consequence of its negative effect on hepatic insulin clearance. Mechanistically, this is mediated primarily by a PPAR␣-depen- . Fenofibrate reduces hepatic CEACAM1 protein levels. Male mice (5 months old) were fed RD-supplemented with 0.1% fenofibrate (Feno) to measure sequentially. A, glucose tolerance. B, insulin tolerance. C, acute phase insulin secretion in response to glucose after 9, 13, and 20 days of treatment, respectively. n ϭ 10 mice/feeding group/genotype. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 fenofibrate versus RD. D, Western blotting analysis of CEACAM1 and CD36 in liver lysates from mice that had been fed for 3 weeks with fenofibrate-supplemented RD diet. The gel represents two separate experiments performed on more than four mice/group.
FIGURE 5. Fenofibrate decreases insulin secretion in a non-cell autonomous manner.
A and B, male mice were fed a fenofibrate-supplemented RD diet for 4 weeks before pancreata were removed to carry out hematoxylin and eosin staining (A) and assess insulin content by immunofluorescence analysis using polyclonal antibody against insulin (B). C, GSIS was performed in islets extracted from these mice in response to 2.8 and 16.8 mM glucose. Insulin level was normalized to the protein content of islet lysates. The experiments were repeated twice. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 16.8 versus 2.8 mM glucose. dent down-regulation of CEACAM1 in liver. Together with normal insulin secretion in mice with null deletion of Ceacam1 (Cc1 Ϫ/Ϫ ) (8), this assigns a key role for hepatic CEACAM1 in coordinating the regulation of lipid and insulin metabolism in liver to maintain systemic insulin sensitivity and glucose homeostasis.
The current studies demonstrated that the decrease in insulin secretion by fenofibrate is compensatory to reduction in insulin clearance in wild-type mice but not Ppar␣ Ϫ/Ϫ mice, thereby maintaining normoinsulinemia and insulin sensitivity. Although reduced insulin clearance compensates for reduced insulin secretion in insulin-sensitive subjects (38) , the study provides in vivo evidence that insulin secretion can also respond to changes in insulin clearance to maintain insulin and glucose homeostasis (39) . Mechanistically, reduction of insulin secretion in response to decreased insulin clearance could be mediated by the negative feedback mechanism of acute rise of insulin resulting from reduced insulin clearance on insulin secretion from ␤-cells ( Fig. 8) . Collectively, this promotes changes in hepatic CEACAM1 levels and function as a potential drug target against dyslipidemia in cardiometabolic diseases.
Experimental Procedures
Mice Feeding-WT and Ppar␣ Ϫ/Ϫ null mice were propagated on the C57BL/6 background (Taconic Biosciences, Cambridge City, IN). The mice were kept in a 12-h dark/light cycle. As previously described (12) , male mice (3 months of age) were fed ad libitum either RD deriving 12:66:22% calories from fat: carbohydrate:protein or a HF deriving 45:35:20% calories from fat:carbohydrate:protein (Research Diets), respectively. The dietary fat composition of HF is 36.3% SFA, 45.3% MUFA, and 18.5% ⍀6PUFA. HF contains mostly sucrose with very little fibers, as opposed to RD, which is high in fibers with insignificant amount of sucrose.
Unless otherwise mentioned, the mice were fed HF for 9 weeks. Thereafter, the mice were fed a chow diet powdered and mixed in a geometric proportion with 0.1% (w/w) of Wy14643 (Enzo Life Sciences, Farmingdale, NY) for 10 days or with 0.1% fenofibrate (Sigma) for 21 days. The institutional animal care and utilization committee approved all of the procedures.
Body Composition-Whole body composition was evaluated by NMR (Bruker Optics).
Metabolic Parameters-At the end of the feeding period, the mice were fasted before blood was drawn, and tissues were extracted to measure metabolic parameters. Whole blood glucose measurements were made with a glucometer (Accu-check; Roche). Retro-orbital venous blood was drawn at 1100 h from overnight fasted mice to assess plasma insulin and C-peptide levels by radioimmunoassay (Linco Research Inc., St. Charles, MO), FFA (NEFA C; Wako), and triacylglycerol (Pointe Scientific Triglyceride, Canton, MI). Hepatic triacylglycerol was measured as described (12) . Insulin clearance was measured as the steady state C-peptide/insulin molar ratio. This approach has been used to assess insulin clearance, being consistent with measuring the rate of disappearance of intravenously injected [ 125 I]insulin from the circulation (7) .
Glucose and Insulin Tolerance Tests-Insulin and glucose tolerance tests were conducted 3 and 7 days after initiation of Wy14643 supplementation, respectively. For fenofibrate, they were conducted 9 and 13 days after initiation of treatment. On the day of the experiment, awake mice were fasted for 6 h starting at 0800 h, injected intraperitoneally with either 1.5 g/kg of body weight (50%) dextrose solution (glucose tolerance) or regular human insulin (Novo Nordisk; 0.75 unit/kg of body weight) (insulin tolerance) and subjected to blood drawing from tail vein to measure glucose at 0 -180 min.
Glucose-stimulated Insulin Secretion-A week after the insulin tolerance test was performed, mice were fasted overnight, anesthetized using pentobarbital at 55 mg/kg of body weight, and injected with glucose at 3 g/kg of body weight, and blood was drawn from the retro-orbital sinus to assess insulin levels at 0 -30 min after glucose injection.
Primary Hepatocytes and Treatment with Fatty Acids-The liver of anesthetized mice was perfused (1 ml/min) with collagenase type II solution (1 mg/ml) (Worthington), as described (12) . Hepatocytes were dispensed in Williams E complete FIGURE 6 . Overexpressing CEACAM1 in liver prevents the negative effect of fenofibrate on insulin clearance and secretion. A, male WT and LCC1 mice (3 months of age) were fed a fenofibrate (Feno)-supplemented RD diet for 4 weeks before acute phase insulin release in response to glucose was assessed, and the area under the curve was measured and presented in the accompanying bar graph. B, mice were fasted overnight (until 1100 -1200 h the next morning) for blood drawing and assaying for plasma C-peptide (panel i) and insulin levels (panel ii) to calculate the C-peptide/insulin molar ratio as a measure of insulin clearance (panel iii). C, fasting blood glucose level was also assessed in these mice. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 versus RD/genotype; †, p Ͻ 0.05 LCC1-Feno versus WT-Feno. D, the liver was extracted from some mice and lyzed to assess protein level of CEACAM1 by Western blotting with rat (rCC1) and mouse (mCC1) antibodies. The lower part of each gel was immunoblotted with tubulin antibody to control for protein loading. medium containing 10 mM lactate, 10 nM dexamethasone, 100 nM insulin, 10% FBS, and 1% penicillin-streptomycin before being plated onto 6-well cell-culture plates at 2.5 ϫ 10 5 /well density and incubated at 37°C for 24 h. The medium was then replaced with phenol red-free Williams E medium (Gibco A-12176 -01) supplemented with 10% dialyzed FBS and 1% penicillin-streptomycin for 24 h. The cells were then incubated for 24 h with 0.1 mM of individual fatty acids PA (SFA; C16:0), OA (MUFA; n-9, C18:1), and LA (⍀6 PUFA; n-6, C18:2)) or with 0.1 mM of fatty acid mixture (0.035 mM PA, 0.045 mM OA, and 0.02 mM LA) that were reconstituted in EtOH and coupled to 2 mM insulin-free BSA at a ratio of 1:5.
Immunofluorescence Analysis-The pancreas was isolated and fixed immediately in PBS-buffered formalin and embedded in paraffin. Hematoxylin and eosin staining was performed in formalin-fixed paraffin sections. For immunostaining, paraffinembedded tissues sections were deparaffinized in xylene, rehydrated in gradient ethanol, blocked with 10% goat serum for 1 h, and then probed overnight at 4°C with anti-insulin antibody (Abcam). Following three washes, Alexa Fluor-labeled secondary antibody was added to the tissue sections, and images were taken using a fluorescent microscope.
Isolation and Glucose-stimulating Insulin Secretion in Pancreatic Islets-Pancreatic islets were isolated as previously described (40) . Briefly, the animals were anesthetized using pentobarbital at 55 mg/kg of body weight, and pancreata were digested with collagenase P (2 mg/ml) for 30 min at 37°C. Islets were pelleted by centrifugation at 1500 rpm for 5 min. The pellets were washed twice with ice-cold PBS and then resuspended in ice-cold PBS before being picked using microscope. Islets were then incubated overnight in RPMI 1640 containing 11.1 mM glucose and 10% FBS to recover. Islets were again handpicked, and 15 islets/group were incubated for 2 h at 37°C in KRBH buffer (129 mM NaCl, 5 mM NaHCO 3 , 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , and 10 mM Hepes, pH 7.4, containing 2.8 mM glucose plus 0.2% radioimmunoassay grade BSA). Glucose-stimulated insulin secretion (GSIS) was performed by incubating islets in KRBH containing 16.7 mM glucose for 1 h. The media were collected, and the insulin release in the media was measured using sensitive rat insulin kit (Millipore Inc.). Islets were lysed using lysis buffer, and the GSIS was normalized to the protein content in islets.
Western Analysis-Protein from lysates were analyzed by 7% SDS-PAGE. The membranes were cut in half to immunoblot the upper half with custom-made polyclonal antibodies against mouse CEACAM1 (12) and the lower half with monoclonal antibodies against actin, tubulin, or GAPDH (Sigma-Aldrich or Santa Cruz) to normalize for protein loading. In some experiments, the lower half was reprobed with a polyclonal antibody FIGURE 7. Fenofibrate decreases insulin secretion but improves insulin sensitivity in diet-induced obese mice. Male mice (3 months of age) were fed RD or HF for 9 weeks and treated with fenofibrate (Feno), as described in the legend of Fig. 4 to test. A, glucose tolerance. B, insulin tolerance. C, acute phase insulin secretion in response to glucose. n ϭ 6 -9 mice/feeding group/ genotype. The values are expressed as means Ϯ S.E. *, p Ͻ 0.05 RD versus HF; †, p Ͻ 0.05 RD versus RD-fenofibrate; §, p Ͻ 0.05 RD versus HF-fenofibrate. D, Western blotting analysis was carried out to assess the combined effect of fenofibrate and HF on hepatic CEACAM1 protein levels. The gel represents two separate experiments performed on more than four mice/group. against CD36 (Santa Cruz). The blots were incubated with horseradish peroxidase-conjugated anti-mouse IgG (Amersham Biosciences) antibodies prior to detection by enhanced chemiluminescence (Amersham Biosciences). Odyssey was used to detect proteins in some gels. Band intensity was quantified using ImageJ software.
Semi-quantitative Real Time RT-PCR-Total RNA was extracted with a PerfectPure RNA tissue kit (5 Prime) per manufacturer's protocol. cDNA was synthesized using 1 g of total RNA with iScript TM cDNA synthesis kit (Bio-Rad), using 1 g of total RNA and oligo(dT) primers. cDNA was evaluated with quantitative RT-PCR (Step One Plus, Applied Biosystems). The primer sequences for Ceacam1 were 5Ј-AATCTGCCCCTGG-CGCTTGGAGCC-3Ј (forward) and 5Ј-AAATCGCACAGTC-GCCTGAGTACG-3Ј (reverse), and those for 18S were 5Ј-TTCGAACGTCTGCCCTATCAA-3Ј (forward) and 5Ј-ATG-GTAGGCACGGCGACTA-3Ј (reverse). The relative amount of mRNA was normalized to 18S. The results are expressed as fold change in gene expression.
Statistical Analysis-The data were analyzed with SPSS software by two-way analysis of variance with Bonferroni correction. p Ͻ 0.05 were statistically significant.
